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E-mail address: hockhs@fau.edu (H.S. Hock).A new method is described for determining how the visual system resolves ambiguities in the composi-
tional structure of multi-surface objects; i.e., how the surfaces of objects are grouped together to form a
hierarchical structure. The method entails dynamic grouping motion, a high level process in which
changes in a surface (e.g., increases or decreases in its luminance, hue or texture) transiently perturb
its afﬁnity with adjacent surfaces. Afﬁnity is determined by the combined effects of Gestalt and other
grouping variables in indicating that a pair of surfaces forms a subunit within an object’s compositional
structure. Such pre-perturbation surface groupings are indicated by the perception of characteristic
motions across the changing surface. When the afﬁnity of adjacent surfaces is increased by a dynamic
grouping variable, their grouping is transiently strengthened; the perceived motion is away from their
boundary. When the afﬁnity of adjacent surfaces is decreased, their grouping is transiently weakened;
the perceived motion is toward the surfaces’ boundary. It is shown that the afﬁnity of adjacent surfaces
depends on the nonlinear, super-additive combination of afﬁnity values ascribable to individual grouping
variables, and the effect of dynamic grouping variables on motion perception depends on the prior, pre-
perturbation afﬁnity state of the surfaces. It is proposed that afﬁnity-based grouping of an object’s sur-
faces must be consistent with the activation of primitive three-dimensional object components in order
for the object to be recognized. Also discussed is the potential use of dynamic grouping for determining
the compositional structure of multi-object scenes.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
A major legacy of the Gestalt Psychology movement of the early
20th century was the determination that perceptual organization
is based on laws of grouping. Originally delineated by Wertheimer
(1923), the grouping laws characterize the effect of various stimu-
lus attributes on perceptual organization. How the component sur-
faces of a stimulus are grouped together depends on such factors as
closure, proximity, similarity, movement direction (common fate),
and good continuation. However, despite a long history of percep-
tual research, these well-known grouping properties have not been
incorporated into a framework that could form the basis for a the-
ory of object recognition (Palmer, 1999; Palmer & Rock, 1994). The
emphasis instead has been on the extraction of three-dimensional
geometric primitives (Biederman, 1987; Marr & Nishihara, 1978;
Pentland, 1987). This contrasts with research in artiﬁcial vision,
for which grouping properties have been central to models of ob-
ject recognition (e.g., Iqbal & Aggarwal, 2002; Lowe, 1987; McCaff-
erty, 1990; Sarker & Boyer, 1993).ll rights reserved.One reason for slow progress in grouping-based approaches to
human object recognition is that with some exceptions (e.g., Adel-
son, 1993; Palmer & Rock, 1994), most studies of perceptual group-
ing have involved arrays of disconnected surfaces designed to
isolate effects of particular grouping variables (e.g., Kubovy &
Wagemans, 1995; Palmer, Neff, & Beck, 1996; Rush, 1937; Wert-
heimer, 1923). While these studies have been valuable, objects
are not composed of disconnected surfaces. They are composed
of adjacent, connected surfaces, with multiple grouping variables
that compete or cooperate in determining the perceptual organiza-
tion of the object’s surfaces.
Another possible reason for slow progress in the development
of grouping-based theories of object recognition is methodological.
Previous methods typically assume intuitively reasonable ways in
which surfaces are grouped together (usually based on Gestalt
principles), and conﬁrm the assumptions by assessing performance
in a variety of information processing tasks. For example, grouping
a target with distractors reduces spatial resolution in target detec-
tion (Banks & Prinzmetal, 1976), the time required to ﬁnd a diago-
nal line segment in an array of vertical or horizontal line segments
depends on whether the array is organized into horizontal rows or
vertical columns (Carrasco & Chang, 1995), and the same-different
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within connected line segments (Feldman, 2007).
In contrast, the methodology proposed in this article is aimed at
discovering how an object’s surfaces are grouped together, irrespec-
tive of whether the grouping is intuitive or otherwise, and does so
directly rather than indirectly through performance in an informa-
tion processing task. The method entails the perception of motions
that are evident to individual, naïve observers, so their effects can
be reliably established without extensive testing. Most impor-
tantly, the method can address a wide range of issues, enhancing
prospects for a grouping-based theory of object recognition.
1.1. Compositional structure
How the surfaces of an object are grouped by the perceiver
determines its compositional structure, by which we mean a hier-
archical tree structure in which surfaces are combined into sub-
units, subunits are combined into larger groupings, and so on,
depending on the complexity of the object. Such hierarchical struc-
tures have been described by Palmer (1977), Cutting (1986) and
Feldman (1999). The empirical challenge stems from the ambiguity
inherent in compositional structure. For example, when an object
has been parsed into three surfaces (call them A, B, and C), a com-
positional hierarchy could group A with B, and the AB subunit with
C (i.e., AB–C). Alternative groupings, (BC–A) and (AC–B), would con-
stitute competing compositional structures. The proposed method
determines how this ambiguity is resolved by the visual system;
i.e., which of the alternative compositional structures is selected.1
Consistent with the primacy of surfaces (Gibson, 1954) and the
potential sufﬁciency of two-dimensional surfaces and their bound-
aries for the formation of three-dimensional object representations
(Marr, 1982), the stimuli tested at this initial stage of research are
object-like to the extent that they are composed of adjacent sur-
faces whose organization depends on sometimes cooperating and
sometimes competing grouping variables.2 Grouping properties
are characterized as variables because in most cases their contribu-
tions to perceptual organization can vary continuously.
1.2. Afﬁnity and the perception of motion
The conceptual lynchpin for the reported experiments is afﬁnity,
which entails any variable affecting the likelihood of two surfaces
being grouped together. It is derived fromUllman’s (1978, 1979) ac-
count of how the visual system solves the motion correspondence
problem, which arises when there are competing possibilities for
the perception of apparent motion from an initially presented sur-
face to one of two ormore surfaces presented afterward. Such ambi-
guities are resolved by differences in the afﬁnity of the initially
presented surfacewith each of the subsequently presented surfaces.
The current study follows Ullman in that differences in afﬁnity
resolve ambiguities, but now for ambiguities in perceptual organi-
zation. It departs from Ullman in that changes in afﬁnity result in
the perception of motion within one of two adjacent surfaces, in-
stead of motion between non-adjacent surface locations. In addi-
tion, the concept of afﬁnity is extended to account for how
multiple grouping variables combine to affect the grouping
strength of pairs of surfaces. It is shown that overall afﬁnity is
determined by the nonlinear summation of afﬁnity values ascrib-
able to individual grouping variables.1 Although relevant, aspects of compositional structure entailing spatial relation-
ships between an object’s parts (Biederman, 1987; Barenholtz & Tarr, 2007) and
global regularities like symmetry (Leeuenberg, 1971; Wagemans, 1997) are not
addressed in this article.
2 Because of interposition in the two-dimensional projection of three-dimensional
scenes, surfaces that are retinally adjacent may not always belong to the same object.In the experiments that follow, some grouping variables remain
unchanged during the course of a trial while others take on different
values, quantitatively increasing or decreasing the relative afﬁnity
of surface pairs without qualitatively changing their perceptual
organization. We call the latter ‘‘dynamic grouping variables.’’ We
have found that changes in afﬁnity created by dynamic grouping
variables can be sufﬁcient to elicit the perception of motion. Previ-
ous studies have provided evidence that grouping can affect motion
perception (Kramer & Yantis, 1997; Martinovic et al., 2009), but to
our knowledge this is the ﬁrst to indicate that grouping processes
themselves can be the source of perceived motion. It is from dy-
namic grouping motion that we determine how the visual system
resolves ambiguities in the compositional structure of objects.
1.3. The line motion illusion and dynamic grouping
The objective of Experiment 1 is to empirically establish the dy-
namic grouping phenomenon for stimuli composed of two adjacent
surfaces. Because there are only two surfaces, resolving ambiguity
in compositional structure is not an issue, as it will be in Experi-
ments 2–4. The starting point is the line motion illusion (Hikosaka,
Miyauchi, & Shimojo, 1993), which previously was called polarized
gammamotion (Kanizsa, 1978, 1979). The illusion is created by pre-
senting one surface, then presenting another surface next to it.
Although the entire second surface appears simultaneously, motion
is perceived away from the initial surface (in Fig. 1a it looks as if the
square is expanding into a horizontal bar).When the second surface
is removed, perceived motion is in the opposite direction (in Fig. 1b
it looks as if the bar is contracting back into a square).
Experiment 1 is based on a version of the line motion illusion in
which two adjacent surfaces are always visible (Fig. 1c and d). The
connectivity of the surfaces, the alignment of their horizontal edges
(i.e., good continuation), and their luminance similarity are group-
ing variables that combine to determine the afﬁnity of the two sur-
faces. Changing the lighter surface’s luminance changes its
similaritywith the adjacent, unchanged surface. This is the dynamic
grouping variable, which perturbs the afﬁnity of the two surfaces
and induces the perception of motion across the changing surface.
Dynamic grouping motion is phenomenologically similar to the
line motion illusion (Movie 1). Although somewhat weaker, the
perceived motion is consistently reported by naïve observers.
When the lighter surface’s luminance decreases for the stimulus
in Fig. 1c, its similarity with the unchanged surface increases, tran-
siently strengthening the grouping of the surfaces. The motion per-
ceived across the changing surface is then away from its boundary
with the unchanging surface. When the lighter surface’s luminance
increases (Fig. 1d), its similarity with the unchanged surface de-
creases, transiently weakening the grouping of the surfaces. Mo-
tion again is perceived across the changing surface, but now
toward its boundary with the unchanging surface.
These perceived dynamic grouping motion directions – away
from and toward the boundary of two surfaces – are characteristic
for pairs of surfaces that are grouped together. The strength of the
grouping depends on the surfaces’ afﬁnity. As indicated earlier
(Section 1.2), it will be shown that: (1) the overall afﬁnity for a pair
of surfaces is determined by the nonlinear summation of afﬁnity
values ascribable to individual grouping variables (in Experiment
1, connectivity, good continuation and luminance similarity), and
(2) the strength of the motion induced by perturbing the surfaces’
afﬁnity (i.e., by increasing or decreasing luminance similarity) de-
pends on the surfaces’ pre-perturbation afﬁnity state.
1.4. Resolving ambiguities in compositional structure
The central premise of the current study is that perturbations in
afﬁnity that result in the perception of dynamic grouping motion
(a) (b)
Frame 1
Frame 2
Frame 1
Frame 2
(d)(c)
Frame 1
Frame 2
Frame 1
Frame 2
Fig. 1. (a) Examples of stimuli that result in the standard line motion illusion. Motion is: (a) away from the square when the adjoining bar is presented, and (b) toward the
square when the bar is removed. When both surfaces are always visible, and the horizontal bar is lighter than the square, motion speciﬁed by dynamic grouping is in
characteristic directions: (c) away from the square/bar boundary when the change in bar luminance increases the similarity of the surfaces, and (d) toward the square/bar
boundary when the change in bar luminance decreases the similarity of the surfaces (Movie 1).
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object, prior to the perturbation. That is, they determine the com-
positional structure that is selected by the visual system when
more than one compositional structure is possible.
Experiments 2–4 have as their foundation a study of ‘‘transfor-
mational apparent motion’’ by Tse, Cavanagh, and Nakayama
(1998). In one of Tse et al.’s (1998) examples, especially compelling
because of its simplicity, a horizontal bar is added to the gap be-
tween a square and a vertical bar, connecting the two surfaces
and initiating a change in the perceived global pattern that is
strongly inﬂuenced by the horizontal co-linearity of the square
and horizontal bar. Perceived motion is away from the boundary
with the square when the horizontal bar is presented (Fig. 2a),
and in the opposite direction when it is removed (Fig. 2b). Tse
et al. (1998) concluded that good continuation results in the hori-
zontal bar being grouped with the square and parsed from the ver-
tical bar.
When both ﬂankers in the above example from Tse et al. (1998)
are squares, as in Faubert and von Grünau (1995), the presentation
of the horizontal bar results in the perception of symmetrical con-
verging motion away from the bar’s boundaries with each ﬂanker
toward its center (Fig. 2e). When the horizontal bar is removed,
symmetrical diverging motion is perceived away from its center,
toward the ﬂankers (Fig. 2f). Such bidirectional motion also can
be perceived when the horizontal bar and the two ﬂanking squares
are always visible (Hock & Nichols, 2010). It is the increase or de-
crease in luminance rather than the presentation or removal of the
horizontal bar that determines the direction of the motion. Hock
and Nichols (2010) concluded that the perceived motion for this
stimulus is the result of directionally selective motion detectors
being stimulated by counterchanging contrast; i.e., oppositely
signed changes in edge contrast and surface-to-background con-
trast, with perceived motion starting where contrast decreases
and ending where it increases (Fig. 2g and h).33 When the background luminance for this stimulus is white instead of black, the
changes in edge contrast are unchanged, but the surface-to-background luminance
contrast decreases for the stimulus in Fig. 2g and increases for the stimulus in Fig. 2h.
The changes in contrast become same-signed, so the perception of counterchange-
speciﬁed motion is lost in both cases (Hock & Nichols, 2010).The stimuli in Experiment 2 are versions of the Tse et al. (1998)
stimulus that are more object-like in that all the surfaces, the hor-
izontal bar and its two ﬂankers, always are simultaneously visible
(Fig. 2c and d). It is shown that as a result of good continuation, the
horizontal bar has greater afﬁnity with the ﬂanking square than
with the ﬂanking vertical bar prior to the perturbation of afﬁnity
caused by the dynamic grouping variable (the change in luminance
similarity). Because of this asymmetry of prior afﬁnity states, asym-
metrical dynamical grouping motion signals are created that bias
the motion detectors that would have responded symmetrically
were both ﬂankers the same (as in Hock and Nichols (2010)). It
is on the basis of the perceived motion directions resulting from
this asymmetry that the pre-perturbation compositional structure
is determined. Similar results are obtained in Experiment 3 with
other dynamic grouping variables (hue and texture contrast), and
the perception of dynamic grouping motion is compared for coop-
erating vs. competing grouping variables in Experiment 4.2. Experiment 1
The stimuli in this experiment, a horizontal bar and an adjacent,
co-linear square, were simultaneously visible during both frames
of each two-frame trial. The bar’s luminance either increased or de-
creased, decreasing or increasing its luminance similarity with the
unchanging square. Changes in luminance similarity constituted
the dynamic grouping variable; they were responsible for the per-
ception of dynamic grouping motion across the horizontal bar. As
indicated above, it was expected that the motion would be away
from the square/bar boundary when there was an increase in the
luminance similarity of the surfaces (i.e., an upward perturbation
in afﬁnity), and toward the square/bar boundary when there was
a decrease in their luminance similarity (i.e., a downward pertur-
bation in afﬁnity).
In addition, it was anticipated that the strength of the motion
due to dynamic grouping would be state dependent. Accordingly,
the same change in luminance similarity (as determined by the
change in Michelson contrast) was expected to more strongly af-
fect the afﬁnity of the surfaces when they initially were similar
in luminance (i.e., low Michelson contrast) compared with when
(a)
Frame 1
Frame 2
(b)
Frame 1
Frame 2
Frame 1
Frame 2
Frame 1
Frame 2
(a) (b)
(f)(e)
(c)
Frame 1
Frame 2
(d)
Frame 1
Frame 2
Frame 1
Frame 2
Frame 1
Frame 2
(a) (b)
(h)(g)
Edge
Contrast
Edge
Contrast
Edge
Contrast
Surface-to-
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Contrast
Surface-to-
Background
Contrast
Edge
Contrast
Fig. 2. Stimulus from Tse et al. (1998) for which motion is perceived: (a) away from the square when the horizontal bar is presented, and (b) toward the square when it is
removed. For a version of the Tse et al. stimulus for which all three surfaces are always visible, motion is perceived: (c) away from the square when there is an increase in the
bar’s luminance, and (d) toward the square when there is a decrease in its luminance (Hock & Nichols, 2010). A stimulus from Faubert and von Grünau (1995) for which: (e)
converging bidirectional motion is perceived when the horizontal bar is presented, and (f) diverging bidirectional motion is perceived when it is removed. For a version of
Faubert and von Grünau’s stimulus in which all three surfaces are always visible: (g) converging bidirectional motion is perceived when the luminance of the horizontal bar is
increased, and (h) diverging bidirectional motion is perceived when its luminance is decreased. It is shown in (g) and (h) that the perception of converging and diverging
motion is speciﬁed by counterchanging edge contrast (thin vertical arrows) and surface-to-background contrast (thick vertical arrows).
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contrast).
2.1. Method
The square (1  1 deg) and horizontal bar (1  4 deg) were pre-
sented on the darkened screen of an NEC MultiSync FP955 monitor
(luminance < 0.001 cd/m2). The viewing distance of 30 cm was
maintained with a head restraint. Each trial was composed of a
2000 ms ﬁrst frame and a 400 ms second frame; the luminance
of the bar either increased or decreased during the second frame.
The square was on the bar’s left side for half the trials and on its
right side for the other half. It always was darker than the bar, so
there was no edge/surface counterchange; changes in edge con-trast at the square/bar boundary and changes in surface-to-back-
ground contrast always were same-signed (Fig. 3).
In the High Luminance Similarity condition, the square’s lumi-
nance was 25.4 cd/m2 and the luminance values of the horizontal
bar were 30.8 cd/m2 during Frame 1 and 57.5 cd/m2 during Frame
2, or vice versa, resulting in Michelson contrasts between the
square and horizontal bar of 0.10 and 0.39. In the Low Luminance
Similarity condition, the square’s luminance was 6.3 cd/m2 and the
luminance of the horizontal bar was 20.2 cd/m2 during Frame 1
and 62.0 cd/m2 during Frame 2, or vice versa, resulting in Michel-
son contrasts between the square and horizontal bar of 0.52 and
0.82. Both Michelson contrast values were larger in the Low than
the High Luminance Similarity condition, but the change in Michel-
son contrast (0.29) was the same for both.
High Luminance Similarity: Similarity Increases
Frame 1
Frame 2
(a)
Dynamic Grouping
No Counterchange
High Luminance Similarity: Similarity Decreases
Frame 1
Frame 2
(b)
Dynamic Grouping
No Counterchange
Low Luminance Similarity: Similarity Increases
Frame 1
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Dynamic Grouping
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Fig. 3. Stimuli and results for Experiment 1. (a–d) Stimuli illustrating the two levels of luminance similarity for the square and the horizontal bar, with luminance similarity
determined by the inverse of their Michelson contrast. There was no luminance–contrast determined edge/surface counterchange for any of the stimuli; changes in edge
contrast (thin vertical arrows) and surface-to-background contrast (thick vertical arrows) were same-signed. Consequently, perceived motion depended exclusively on
dynamic grouping. The results, averaged over six subjects, indicate: (e) the proportion of trials that motion was perceived for the High and Low Luminance Similarity
conditions, and (f) for these conditions, the proportion of motion-perceived trials in the direction predicted by dynamic grouping. Error bars indicate plus and minus one
standard error of the mean for the six subjects.
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locations: the center of the bar, its left edge, or its right edge. From
one trial to the next, the location of the stimulus was shifted rela-
tive to the ﬁxation dot, which maintained its constant location in
the center of the screen. The orthogonal combination of three ﬁx-
ation locations, two luminance similarity conditions, whether thebar’s luminance increased or decreased, and whether the square
was to the left or right of the bar, created 24 distinctive stimuli.
Each was repeated six times to create blocks of 144 order-random-
ized trials.
Five voluntary participants were students at Florida Atlantic
University who were naïve with respect to the purpose of the
50 H.S. Hock, D.F. Nichols / Vision Research 59 (2012) 45–63experiment (this also was the case in the experiments that follow).
They were instructed to maintain attention on the ﬁxation dot dur-
ing the entire trial (ﬁxation was not conﬁrmed with an eye track-
er), and to make two responses after each trial, the ﬁrst to indicate
whether they perceived motion across the changing surface, and if
it was perceived, the second to indicate the direction of the motion.
Each subject was tested on two blocks of 144 trials, resulting in
144 trials per subject for each luminance similarity condition.
2.2. Results
In this and the remaining experiments with variable ﬁxation
locations, there were no systematic differences in the results for
the three ﬁxation locations. Nor were there systematic differences
between trials for which the horizontal bar’s luminance increased
or decreased. The results therefore were combined for these stim-
ulus variables.
For each subject, motion was perceived across the horizontal
bar more often in the High than the Low Luminance Similarity con-
dition; the difference in motion perception between the conditions
was statistically signiﬁcant, t(4) = 4.55, p < 0.02 (Fig. 3e).4 Although
motion was perceived less often in the Low Luminance Similarity
condition, when it was perceived, it was in the dynamic grouping
direction equally often as in the High Luminance Similarity condition
(Fig. 3f). Motion was in the dynamic grouping direction signiﬁcantly
more often than chance (50%) for both High, t(4) = 3.13, p < 0.05, and
Low Luminance Similarity, t(4) = 2.81, p < 0.05. The results indicate,
therefore, that dynamic grouping motion signals elicited by pertur-
bations in the afﬁnity of adjacent surfaces (here by changes in lumi-
nance similarity) are sufﬁcient for motion to be perceived within the
changing surface, particularly when the surfaces have strong afﬁnity
prior to the perturbation.
3. Nonlinear summation and state dependence
The results of Experiment 1 were consistent with the afﬁnity of
two adjacent surfaces depending on the nonlinear summation of
the afﬁnity values ascribable to individual grouping variables. This
is illustrated in Fig. 4 by power functions (the curved gray lines),
although the only requirement is for the accumulated effects of
individual grouping variables on afﬁnity to be super-additive (the
combined effects of individual variables on afﬁnity must be greater
than their linear sum) in order to account for the effect of lumi-
nance similarity on motion perception in Experiment 1. Our rea-
soning is as follows:
The square and the adjacent horizontal bar in Experiment 1
were connected and their horizontal edges were continuously
aligned during both frames of each two-frame trial, so connected-
ness (Palmer & Rock, 1994) and good continuation were grouping
variables that were established during the 2000 ms ﬁrst frame
and maintained through the 400 ms second frame. The dynamic
grouping variable that changed from Frame 1 to Frame 2 was the
luminance similarity of the surfaces.
The overall change in afﬁnity from Frame 1 to Frame 2 is deter-
mined by nonlinearly combining the change in afﬁnity due to the
dynamic grouping variable with the afﬁnities attributable to
grouping variables that did not change. When the initial luminance
similarity is relatively high, the change in afﬁnity from Frame 1 to
Frame 2 occurs over a steeper segment of the accelerating function
relating accumulated grouping strength to afﬁnity (Fig. 4a and c).
When the initial luminance similarity is lower, the change in afﬁn-4 When motion was perceived, there was a strong bias for it to be rightward. Up to
80% of subjects’ responses were in that direction, resulting in the under-estimation of
motion in the direction speciﬁed by dynamic grouping, which was left/right balanced.
This also was observed in the experiments that follow.ity occurs over a ﬂatter segment of the function (Fig. 4b and d). As a
result of this difference, equal changes in luminance similarity (i.e.,
equal changes in Michelson contrast for the two surfaces) create
larger afﬁnity perturbations for high compared to low levels of ini-
tial luminance similarity. The larger the change in afﬁnity, the
greater the likelihood of motion being perceived across the bar,
away from the square/bar boundary for increases in afﬁnity, and
toward the square/bar boundary for decreases in afﬁnity. These
ordinal differences in the effects of grouping variables on afﬁnity
are sufﬁcient to account for the effects of dynamic grouping vari-
ables on the perception of motion. Quantitative scales are not
required.
Dynamic grouping is state dependent. That is, the effectiveness
of an afﬁnity perturbation in producing motion during Frame 2 de-
pends on the afﬁnity state established during Frame 1, prior to the
perturbation. State dependence requires that the afﬁnities due to
different grouping variables accumulate nonlinearly, and further,
that the nonlinearity must be accelerating. Increases in cumulative
grouping strength due to the dynamic grouping variable would
then result in disproportionate increases in afﬁnity (Fig. 5a and
b), consistent with the stronger motion obtained for the High
Luminance Similarity condition in Experiment 1. If instead the
function relating the combined effects of the grouping variables
to afﬁnity was decelerating, increases in cumulative grouping
strength due to the dynamic grouping variable would result in dis-
proportionate decreases in afﬁnity (Fig. 5c and d), as per Fechner’s
law (Fechner, 1860).5 There then would have been smaller perturba-
tions in afﬁnity, and therefore less motion perception in the High
Luminance Similarity condition, the opposite of Experiment 1’s re-
sults. Finally, if the effects of different grouping variables on afﬁnity
accumulated linearly, there would not have been any effect of the
prior afﬁnity state on the perception of motion (Fig. 5e and f), again
contrary to the results obtained in Experiment 1.4. Experiment 2
This experiment shows that the motion directions perceived as
a result of perturbations in afﬁnity can discriminate between the
alternative compositional structures that are possible for objects
with three adjacent surfaces. It entails versions of the Tse et al.
(1998) stimulus in which all three adjacent surfaces are simulta-
neously visible (Fig. 2c and d). Differences in the afﬁnity state of
the horizontal bar with respect to each ﬂanking surface reﬂect
what from intuition seems to be the compositional structure of
the stimulus; i.e., a subunit formed by the square and the horizon-
tal bar on the basis of good continuity, with the paired surfaces
joining the vertical bar on the basis of connectivity to form a hier-
archical representation for the stimulus.
The validity of this intuition was tested by perturbing the lumi-
nance of the horizontal bar, thereby changing its luminance simi-
larity with the two ﬂanking surfaces. In contrast with Tse et al.’s
stimulus in Fig. 2a and b, the perceived motion direction could
not be determined by a stimulus change that creates good contin-
uation because good continuation always is present for these stim-
uli. For the same reason, the perceived motion direction could not
be due to the perception of the square changing shape into an elon-
gated bar. It is proposed instead that the direction of motion per-
ception within the horizontal bar reﬂects its prior grouping with
the square rather than the vertical bar because of asymmetry in
state dependence due to good continuation.5 Fechner’s law would more appropriately pertain to judgments of lightness; i.e.,
the same change in surface luminance would have a smaller effect on perceived
lightness when the initial value of the surface’s luminance is higher.
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Fig. 4. The curved gray bars in each graph are power functions illustrating the accelerating nonlinearity that relates the accumulated effects of grouping variables (along the
X-axis of each graph) to the afﬁnity of a pair of adjacent surfaces (along the Y-axis of each graph). In this example, which is based on the stimuli and results from Experiment 1,
connectivity and good continuation remain the same for both frames. Luminance similarity is the dynamic grouping variable. (a and b) When luminance similarity increases
during the second frame, there is an upward perturbation in the afﬁnity of the surfaces, signaling motion away from the square/bar boundary, and (c and d) when it decreases
during the second frame, there is a downward perturbation in the afﬁnity of the surfaces, signaling motion toward the boundary. The magnitude of the change in afﬁnity
determines the strength of the motion induced by dynamic grouping. (a and c) When luminance similarity is relatively high, the afﬁnity state established during Frame 1 lies
on a relatively steep segment of the grouping/afﬁnity function, so the change in luminance similarity (Michelson contrast) produces a relatively large change in afﬁnity, and
thus, a relatively strong motion signal within the horizontal bar that is in relation to the square. (b and d) When luminance similarity is relatively low, the afﬁnity state
established during Frame 1 lies on a ﬂatter segment of the grouping/afﬁnity function, so the same change in luminance similarity (Michelson contrast) produces a relatively
small change in afﬁnity, and thus, a relatively weak motion signal in relation to the square.
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the afﬁnity of the horizontal bar with the square, so the nonlinear,
super-additive combination of the grouping variables established
during Frame 1 creates asymmetric afﬁnity states prior to the
change in the dynamic grouping variable, luminance similarity,
during Frame 2. Consequently, the same change in luminance sim-
ilarity would produce a larger perturbation in the afﬁnity of thehorizontal bar and square compared with the horizontal bar and
vertical bar. Dynamic grouping motion is therefore perceived in
relation to the square when the change in the horizontal bar’s
luminance changes its luminance similarity with the square.
The different versions of the Tse et al. (1998) stimulus tested in
this experiment varied with respect to the luminance values of the
ﬂankers. When both ﬂankers were darker than the horizontal bar,
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Fig. 5. Comparison of different functions relating the accumulated effects of grouping variables (the X-axis of each graph) on the afﬁnity of a pair of adjacent surfaces (the Y-
axis of each graph). Only increases in afﬁnity are shown. (a and b) The grouping/afﬁnity function is accelerating, as in Fig. 4. A change in luminance similarity when the Frame
1 luminance similarity is high produces a larger change in afﬁnity. (c and d) The grouping/afﬁnity function is decelerating, as per Fechner’s law. Smaller changes in afﬁnity are
obtained when the Frame 1 luminance similarity is high. (e and f) The grouping/afﬁnity function is linear. Changes in afﬁnity are the same, regardless of the luminance
similarity during Frame 1. Among these three alternatives, only the accelerating function relating grouping to afﬁnity is consistent with the experimental results.
52 H.S. Hock, D.F. Nichols / Vision Research 59 (2012) 45–63there was no luminance–contrast determined edge/surface count-
erchange (Fig. 7a). With this stimulus it could be determined
whether there would be directional asymmetry in motion percep-
tion due exclusively to dynamic grouping. When both ﬂankers
were lighter than the horizontal bar, edge/surface counterchange
was present (Fig. 7b). It signaled symmetrical (bidirectional) mo-
tion. The results for this stimulus would indicate whether asym-metry in dynamic grouping motion signals would break this
symmetry (Movie 2).
Finally, when one ﬂanker was lighter and the other darker than
the horizontal bar, luminance–contrast determined edge/surface
counterchange speciﬁed unidirectional motion. When the square
was the lighter ﬂanker, the counterchange-speciﬁed motion was
in relation to the square; i.e., away from the square when the hor-
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Fig. 6. Analysis of afﬁnity for one of the versions of the Tse et al. (1998) stimuli studied in Experiment 2. As for Experiment 1, it is based on an accelerating nonlinear function
representing the accumulated effect of grouping variables on the afﬁnity of the horizontal bar with the square (upper part of the ﬁgure) compared with the accumulated effect
of grouping variables on its afﬁnity with the vertical bar (lower part of the ﬁgure). The presence of good continuation places the horizontal bar’s afﬁnity with the square on a
steeper segment of the grouping/afﬁnity function compared with its afﬁnity with the vertical bar. As a result, the same change in luminance similarity results in a greater
change in afﬁnity with respect to the square compared with the vertical bar (only increases in afﬁnity are shown). It was expected, therefore, that motion due to dynamic
grouping would most often be in relation to the square.
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decreased (Fig. 7c). When the vertical bar was the lighter ﬂanker,
the counterchange-speciﬁed motion was in relation to the vertical
bar; i.e., away from the vertical bar when the horizontal bar’s lumi-
nance increased, and toward the vertical bar when its luminance
decreased (Fig. 7d). Given that dynamic grouping favors motion
in relation to the square because of the advantage in state depen-
dence afforded by good continuation (as shown in Fig. 6), it was
anticipated that the perception of motion across the horizontal
bar when its luminance changed would be enhanced when count-
erchange-speciﬁed motion also was in relation to the square, as in
Fig. 7c but not Fig. 7d.
4.1. Method
The stimuli were composed of a horizontal bar (1  4 deg)
ﬂanked by an adjacent square (1  1 deg) on one side and an adja-
cent vertical bar (3  1 deg) on the other; the left/right locations ofthe two ﬂanker shapes varied randomly. The luminance of the hor-
izontal bar changed from 19.1 to 60.9 cd/m2, or vice versa, over the
two-frame trial (2000 ms for the ﬁrst frame and 400 ms for the sec-
ond frame). The ﬂanking surfaces were either lighter (89.3 cd/m2)
or darker (6.3 cd/m2) than the horizontal bar. During different, ran-
domly mixed trials, both ﬂankers were lighter, both were darker, or
one was lighter and the other darker than the horizontal bar. For
the latter, the left/right locations of the lighter and darker ﬂanker
varied orthogonally with the shape of the ﬂanker such that the
square and the vertical bar were equally often lighter and darker
than the horizontal bar, irrespective of their left/right location. As
in Experiment 1, there were three possible ﬁxation locations: the
center, the left edge, or the right edge of the horizontal bar.
Forty eight distinctive trials were generated by the orthogonal
combination of the left/right location of the two ﬂanker shapes,
the four combinations of the two ﬂanker luminance values and
their left/right location (dark/dark, light/light, light/dark, and
dark/light), the three ﬁxation locations, and whether the lumi-
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Fig. 7. Stimuli and results for Experiment 2. The stimuli are from Tse et al. (1998), but in this experiment the horizontal bar connecting the square and vertical bar always is
present. Only stimuli for which the luminance of the horizontal bar increases are depicted; there were an equal number of stimuli for which the luminance of the horizontal
bar decreased. The stimuli varied with respect to the luminance values of the ﬂanking square and vertical bar when both ﬂankers were: (a) darker than the horizontal bar;
motion can result from dynamic grouping, but not from luminance–contrast determined edge/surface counterchange, and (b) lighter than the horizontal bar; symmetrical
(bidirectional) converging motion can result from luminance–contrast determined edge/surface counterchange, but asymmetrical dynamic grouping signals can break this
symmetry, resulting in unidirectional motion in the direction of the stronger dynamic grouping (Movie 2). When one ﬂanker is lighter and the other is darker than the
horizontal bar: (c) luminance–contrast determined edge/surface counterchange and dynamic grouping both specify unidirectional motion in relation to the ﬂanking square,
or (d) one speciﬁes motion in relation to the square and the other in relation to the vertical bar. Experimental results, averaged over six subjects, indicate: (e) the proportion of
trials motion was perceived, and (f) the proportion of the motion-perceived trials for which motion was bidirectional (black) or unidirectional in the direction in which there
is stronger dynamic grouping (gray). Error bars indicate plus and minus one standard error of the mean for the six subjects.
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peated three times to create blocks of 144 order-randomized trials.
Six subjects were tested over three blocks of 144 trials. They made
two responses after each trial, the ﬁrst indicating whether they
perceived motion, and if they did, the second indicating whether
the direction of the perceived motion was rightward, leftward, or
bidirectional (whether the latter was convergent or divergent
was not differentiated).
4.2. Results
Examination of the results indicated no systematic effects on
motion perception for the three ﬁxation locations, whether the
luminance of the horizontal bar increased or decreased, or the
left/right locations of the ﬂanking shapes. The data therefore were
combined across these stimulus variables, resulting in 108 trials
per subject for each of the four dark/light combinations. Presented
in Fig. 7e and f are the proportions of trials for which motion was
perceived, and the proportions of the motion-perceived trials for
which the motion was either unidirectional in the dynamic group-
ing direction or bidirectional.
4.2.1. Is motion in relation to the square or the vertical bar?
This question is addressed using the stimulus in Fig. 7b as an
example. The motion perceived for this stimulus is away from
the square, but it also is toward the vertical bar. This apparent
ambiguity is present whenever alternative directions of dynamic
grouping motion are possible. It is resolved by considering what
would have been perceived if a gap separated one or the other ﬂan-
ker from the horizontal bar (eliminating their connectivity), or
alternatively, if one or the other of the ﬂankers was removed. If
the gap was between the horizontal bar and square ﬂanker, or
the square ﬂanker was removed, the increase in luminance similar-
ity would have resulted in motion across the horizontal bar that
was away from the vertical bar, contrary to what was observed
experimentally. In contrast, the increase in luminance similarity
results in motion that is away from the square, regardless of
whether or not there is a gap between the horizontal bar and the
ﬂanking vertical bar, or the ﬂanking vertical bar is removed. It
could be concluded, therefore, that the perceived motion (right-
ward in this example) was in relation to the square rather than
the vertical bar, evidence that the square and horizontal bar were
grouped together.
4.2.2. Motion due exclusively to dynamic grouping
There was no edge/surface counterchange when both ﬂankers
were darker than the horizontal bar (Fig. 7a). Motion was nonethe-
less perceived for 51.7% of the trials. Of these motion-perceived tri-
als, 13.0% were bidirectional and 87.0% were unidirectional. The
unidirectional motion was most often in the direction consistent
with the asymmetry in state-dependent dynamic grouping. That
is, 65.4% of the unidirectional motions were in relation to the
square while 34.6% were in relation to the vertical bar. The percep-
tion of motion in the direction with stronger dynamic grouping sig-
niﬁcantly differed from chance (50%); t(5) = 2.60, p < 0.05.
4.2.3. Symmetry breaking
Motion was perceived for 94.7% of the trials when both ﬂankers
were lighter than the horizontal bar (Fig. 7b). Symmetrical bidirec-
tional motion often was perceived (22.8% of the motion-perceived
trials), but much more often symmetry was broken and unidirec-
tional motion was perceived (77.2% of the motion-perceived trials).
The unidirectional motion was in the direction determined by
stronger dynamic grouping (in relation to the square) for 83.9%
of the unidirectional trials, which was signiﬁcantly greater than
chance (50%); t(5) = 7.42, p < 0.001.4.2.4. Coupling of dynamic grouping with motion detection
Motion was perceived for 97.5% of the trials in which both dy-
namic grouping and counterchange-speciﬁed motion were in rela-
tion to the square (Fig. 7c), compared with 85.1% of the trials when
counterchange-speciﬁed motion was in relation to the vertical bar
and dynamic grouping speciﬁed motion in relation to the square
(Fig. 7d). This difference was statistically signiﬁcant, t(5) = 2.90,
p < 0.05, even with the inclusion of results for two subjects for
whom the difference was obscured by ceiling effects.4.3. Discussion
The results of this experiment indicated that differences in
state-dependent afﬁnity of the horizontal bar with the ﬂanking
square compared with the ﬂanking vertical bar resulted in differ-
ences in the size of the afﬁnity perturbation when the dynamic
grouping variable was changed, and thereby, asymmetrical dy-
namic grouping motion signals. These asymmetrical motion sig-
nals were sufﬁcient to determine the compositional structure
selected by the visual system (the square and horizontal bar are
grouped together) when edge/surface counterchange was absent
(Fig. 7a), and to break the symmetry of opposing motions speciﬁed
by edge/surface counterchange when the latter was present
(Fig. 7b). Finally, the results indicated that motion signals due to
dynamic grouping can be coupled with motion signaled by edge/
surface counterchange to increase motion strength, providing that
both specify motion in the same direction and in relation to the
same adjoining surface (in Fig. 7c but not Fig. 7d).5. Experiment 3
In the preceding experiment, good continuation was shown to
be a direction-determining grouping variable through its effect
on the afﬁnity states established prior to the change in the dy-
namic grouping variable, luminance similarity. This was the case
in the absence of edge/surface counterchange, when perceived
motion depended entirely on dynamic grouping (Fig. 7a). In
Experiment 3, it was determined whether this result would be
obtained with other dynamic grouping variables. In the ﬁrst part
of the experiment, the ﬂanking square and vertical bar were red
for the entire two-frame trial, and the horizontal bar connecting
them was red during one frame and a physically equiluminant
gray during the other, minimizing luminance–contrast deter-
mined counterchange (Fig. 8a and b). What changed during the
second frame was the hue similarity of the horizontal bar with
its ﬂanking surfaces. This was the dynamic grouping variable;
it induced the perception of motion across the horizontal bar
(Movie 3). In the second part of the experiment, the ﬂanking
square and vertical bar were composed of checkerboards during
the entire trial (Fig. 8c and d). The horizontal bar was a checker-
board of the same density and contrast during one frame and
was uniform in luminance during the other frame. The latter
was matched to the average luminance of the checkerboards in
order to minimize luminance–contrast determined counter-
change. The motion-inducing dynamic grouping variable was tex-
ture similarity.
As in Experiment 2 (Section 4), the asymmetrical contribution
of good continuation to state dependence favored dynamic group-
ing motion within the horizontal bar that was in relation to the
square. This was illustrated in Fig. 6 for changes in luminance sim-
ilarity, but the principle is the same for changes in hue or texture
similarity. Dynamic grouping motion in characteristic directions
was expected; i.e., away from the square for upward perturbations
and toward the square for downward perturbations in afﬁnity.
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Fig. 8. Stimuli and results for Experiment 3. Illustrations of stimuli for which
dynamic grouping speciﬁes motion in relation to the square. (a and b) The dynamic
grouping variable is hue similarity in Part 1, with R denoting red and G denoting
gray (Movie 3). (c and d) The dynamic grouping variable is texture similarity in Part
2. (e) Motion was perceived for almost every trial. Indicated are the proportions of
the motion-perceived trials, averaged over ﬁve subjects, for which motion either
was bidirectional or unidirectional in the direction more strongly speciﬁed by
dynamic grouping (on the left side of the graph for Part 1 and on the right side of the
graph for Part 2).
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The stimuli were larger by a factor of two compared with Exper-
iment 2. The square (2  2 deg) always was on the left ﬂank and
the vertical bar (6  2 deg) always was on the right ﬂank of the
horizontal bar (2  8 deg). In Part 1, the ﬂanking square and verti-
cal bar always were red, and the horizontal bar between them had
the same luminance (24.3 cd/m2), regardless of whether it was red
or gray. In Part 2 the ﬂanking square and vertical bar always werecheckerboards composed of 10  10 min light checks (56.4 cd/m2)
and dark checks (15.8 cd/m2). The luminance of the horizontal bar
when it was uniform gray was 38.0 cd/m2, which was close to the
average luminance of the checks (36.6 cd/m2).
There were four blocks of trials for both parts of the experiment,
each composed of 72 randomly ordered trials determined by 36
repetitions of the two stimulus conditions: whether the horizontal
bar was red (Part 1) or checkered (Part 2) during the 2000 ms ﬁrst
frame and uniform gray during the 400 ms second frame, or vice
versa. Five subjects were instructed to ﬁxate in the center of the
horizontal bar for the entire trial; there was no ﬁxation dot. After
each trial they indicated whether or not they perceived motion,
and if so, whether the motion was rightward or leftward. There
were 144 trials per subject for each of the four conditions depicted
in Fig. 8.5.2. Results
The results are presented in Fig. 8e, Part 1 on the left (hue sim-
ilarity is the dynamic grouping variable), and Part 2 on the right
(texture similarity is the dynamic grouping variable). All ﬁve sub-
jects reported motion perception for almost every trial. In Part 1,
the motion was bidirectional for 19.5% and unidirectional for
80.5% of the motion-perceived trials. When unidirectional, it was
in the direction in which dynamic grouping was stronger for
82.9% of the trials, signiﬁcantly greater than chance (50%),
t(4) = 3.69, p < 0.02. In Part 2, motion was bidirectional for 12.4%
and unidirectional for 87.6% of the motion-perceived trials. When
unidirectional, it was in the direction in which dynamic grouping
was stronger for 74.4% of the trials, again signiﬁcantly greater than
chance (50%), t(4) = 2.25, p < 0.05. In addition to providing further
evidence that unidirectional motion due to dynamic grouping
can be perceived in the absence of counter changing edge/surface
luminance contrast, the results indicated that the asymmetry in
state dependence due to good continuation results in the percep-
tion of dynamic grouping motion in relation to the square, regard-
less of whether the dynamic grouping variable entails changes in
luminance, hue, or texture similarity.6. Experiment 4
In Experiments 2 and 3, the usefulness of dynamic grouping
motion as a probe for compositional structure was validated by
the consistency of the results with intuition regarding the effects
of good continuation on perceptual grouping. In Experiment 4,
state-dependent dynamic grouping again probed the composi-
tional structure of the Tse et al. (1998) stimulus, but now with a
grouping variable whose effects are not intuitive. In addition, the
grouping variables that remained unchanged during the two-frame
trial either cooperated or competed. Cooperation was expected to
enhance the horizontal bar’s afﬁnity with the ﬂanking square,
whereas competition was expected to result in the horizontal bar
sometimes being grouped with the square, sometimes with the
vertical bar (each resulting in the perception of unidirectional mo-
tion), and sometimes simultaneously with both (resulting in the
perception of converging or diverging bidirectional motion).
The cooperating and/or competing grouping variables were
good continuation and common luminance polarity (Beck, Sutter,
& Ivry, 1987). Grouping based on common luminance polarity is
illustrated in Fig. 9a and b with a 4  4 array of dots. When the
background is black, all 16 dots have the same luminance polarity
(all are lighter than the background), and the difference in their
luminance is at best marginal in forming a pattern for which hor-
izontally aligned dots are perceived. However, horizontally aligned
dots can be perceived for the same luminance values for the dots,
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same luminance polarity tend to be grouped together.
Cooperation was established for a version of the Tse et al.
(1998) stimulus illustrated in Fig. 9c. The horizontal bar had the
same luminance polarity as the square ﬂanker – both were lighter
than their background – and differed in luminance polarity from
the vertical bar, which was darker than its background on three
of its sides. Common luminance polarity, good continuation, con-
nectivity, and luminance similarity contributed (super-additively)
to the afﬁnity of the horizontal bar with the square, cooperatively
establishing a strong, asymmetrical afﬁnity state favoring motion
perception in relation to the square.Grouping Variables Cooperate (d)
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Fig. 9. Background-relative luminance polarity as a grouping variable. Stimuli derived
perceptual grouping: (a) small differences in lightness are insufﬁcient for the dots to b
intermediate gray background creates differences in luminance polarity (dots lighter or d
and d) Illustration of stimuli in Experiment 4 for which the grouping variables, good cont
They either (c) cooperate, with both grouping variables contributing to the afﬁnity of
contributing to the afﬁnity of the horizontal bar with the square, and common luminanc
Experiment 4, averaged over four subjects, indicating: (e) how often motion is perceived
perceived trials for which the motion is bidirectional (black) vs. unidirectional in the dire
in the direction speciﬁed by good continuation and in the direction speciﬁed by commo
mean for the four subjects.Competition was established for the stimuli illustrated in Fig. 9d
(Movie 4). The horizontal bar had the same luminance polarity as
the vertical bar – both were lighter than their background – and
differed in luminance polarity from the darker-than-background
square. Common luminance polarity contributed to the afﬁnity of
the horizontal bar with the vertical bar while good continuation
contributed to the afﬁnity of the horizontal bar with the square.
Assuming that the two grouping variables have similar effects on
afﬁnity, bidirectional dynamic grouping motion was expected to
be perceived more often for the Competitive than the Cooperative
condition when afﬁnities were perturbed by changes in luminance
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The stimuli were the same size as in Experiment 2. The square
and the vertical bar, both with a luminance of 68.2 cd/m2, appeared
equally often on either side of the horizontal bar. The luminance of
the horizontal bar changed from 20.6 to 68.2 cd/m2 (or vice versa)
over the two-frame trial, and a red ﬁxation dot was located either
on its left edge, its right edge, or in its center. What was distinctive
in this experiment was that the ﬂanking surface on the left side of
the horizontal bar (either the square or the vertical bar) was sur-
rounded by a 4  4 deg white square (luminance = 90.7 cd/m2).
Twelve distinct trials were generated by the orthogonal combi-
nation of the left/right location of the two ﬂanker shapes, which
determined whether the square or vertical bar was surrounded
by the large white square (and thereby, whether common lumi-
nance polarity and good continuation were cooperative or compet-
itive), whether the luminance of the horizontal bar increased or
decreased, and the three locations of the ﬁxation dot. Each of the
distinct 12 trials was repeated 12 times to create blocks of 144 tri-
als (order-randomized in sets of 12). Four subjects were tested over
three blocks of trials. After each trial they ﬁrst indicated whether
they perceived motion, and if they did, they then indicated
whether the motion was rightward, leftward, or bidirectional (con-
verging and diverging motion were not differentiated). Each sub-
ject was tested on a total of 432 trials, half in the Cooperative
and half in the Competitive condition.
6.2. Results
The averaged results for the four participants are presented in
Fig. 9e and f. Over all, motion was perceived more often when good
continuation and common luminance polarity were cooperative
compared with when they competed. However, little can be con-
cluded from this difference because it was due entirely to the re-
sults for one subject; ceiling effects obscured the results for the
other three. Future research would eliminate ceiling effects by
varying the strength of the dynamic grouping variable.
The measure that deﬁnitively distinguished between the Coop-
erative and Competitive conditions was the frequency with which
the dynamic grouping motion perceived within the horizontal bar
was bidirectional. When the grouping variables were cooperative,
bidirectional motion was perceived infrequently (8.8% of the mo-
tion-perceived trials). It otherwise was almost always unidirec-
tional, in the direction with the stronger dynamical grouping
(91.2% of the motion-perceived trials). However, when good con-
tinuation and common luminance polarity competed, perceived
motion was bidirectional for 40.5% of the motion-perceived trials,
signiﬁcantly greater than the 8.8% when they cooperated;
t(3) = 3.05, p < 0.05, one-tailed.
When unidirectional rather than bidirectional motion was per-
ceived for the competitive stimuli, it was in the direction deter-
mined by common luminance polarity for 65.4% of the trials
compared with 34.6% in the direction speciﬁed by good continua-
tion. This suggests a stronger grouping effect of common lumi-
nance polarity in this experiment, but this possibility would need
to be weighed against the high frequency of bidirectional motion,
which is consistent with the likelihood that the square, horizontal
bar and vertical bar are all grouped together. Regardless, the dy-
namic grouping motion probe revealed the effectiveness of com-
mon luminance polarity as a grouping variable, something that is
unlikely to be intuitive for non-naïve let alone naïve observers.
6.3. Discussion
The ambiguity in compositional structure in the Competitive
condition means that the square ﬂanker sometimes was groupedwith the horizontal bar (because of good continuation) and some-
times was perceived in isolation against the white background
(when it differs in luminance polarity from the horizontal and ver-
tical bars). Consistent with Agostini and Proﬁtt (1993) and Agostini
and Galmonte (1999), it is conceivable that this difference in the
‘‘compositional status’’ of the square surface would affect its per-
ceived lightness. That is, sometimes its perceived luminance would
contrast with its white background and sometimes it would con-
trast with the darker horizontal bar with which it is co-linear. If
the selected compositional structure is unstable (i.e., when there
is switching between the alternative compositional structures),
the perception of lightness contrast might be replaced by the per-
ception of lightness assimilation, and vice versa (Galmonte, Agos-
tini, & Righi, 2008).
7. General discussion
The dynamic grouping methodology introduced in this article
entails perturbing the luminance, hue, or texture of a surface in or-
der to transiently change its afﬁnity with adjacent, unchanging
surfaces. These changes, when large enough, can create motion
across the changing surface in characteristic directions. For upward
perturbations in afﬁnity, dynamic grouping transiently strengthens
the grouping of adjacent surfaces; motion is away from their
boundary. For downward perturbations in afﬁnity, dynamic group-
ing transiently weakens the grouping of adjacent surfaces; motion
is toward their boundary.
The motions induced by dynamic grouping tend to increase the
salience of surface qualities when there is an increase in the afﬁn-
ity of two adjacent surfaces, and to increase the salience of the
boundary separating the surfaces when there is a decrease in their
afﬁnity. These possible effects on salience notwithstanding, the
purpose of the dynamic grouping methodology is to determine
how the surfaces of an object are grouped with each other in the
absence of changes in afﬁnity. Although some possibilities are dis-
cussed in Section 7.7, the methodology does not speak to the rela-
tive importance of surfaces vs. surface-boundaries for determining
the compositional structure of objects with unchanging surface
characteristics. For dynamic grouping motion to be relevant to ob-
jects with unchanging surface characteristics, it is essential to
establish that it is diagnostic of the pre-perturbation compositional
structure of multi-surface objects.
7.1. Dynamic grouping is diagnostic of pre-perturbation compositional
structure
The key evidence for how the surfaces of an object are grouped
before changes are introduced by the dynamic grouping variable is
the state dependence of dynamic grouping motion. That is, the res-
olution of ambiguity in the compositional structure of objects –
Should surface B be grouped with adjacent surface A or adjacent
surface C? – depends on the afﬁnity states of the alternative sur-
face groupings prior to their perturbation. When the pre-perturba-
tion afﬁnity state is greater for one pair of surfaces than another,
perturbations due to the dynamic grouping variable produce larger
changes in afﬁnity, and thereby, stronger dynamic grouping mo-
tion in relation to the adjacent surface with which it has the great-
est prior afﬁnity. (It was shown in Section 3 that this asymmetry in
afﬁnity states is the result of the afﬁnity of adjacent surfaces
depending on the nonlinear, super-additive combination of afﬁnity
values attributable to individual grouping variables.) If the per-
ceived directions of dynamic grouping motion within changing
surface B are more often in relation to surface A than surface C, evi-
dence is provided for the pre-perturbation grouping of A with B,
and the AB pair then being grouped with C (i.e., AB–C). When
changes in afﬁnity are approximately equal for the alternative
(b)(a)
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Fig. 10. Stimulus for which the pre- and post-perturbation compositional structures differ. Either a long bar (A + C) that is partially occluded by a darker bar (B), or a rotated
‘T’ (B + C) is perceived. (a) The partially occluded long bar is perceived during Frame 1 and the rotated ‘T’ during Frame 2. A decrease in luminance for C results in diagonally
downward motion across that surface, consistent with dynamic grouping being determined by the pre-perturbation (Frame 1) compositional structure (Movie 5). (b) The
rotated ‘T’’ is perceived during Frame 1 and the partially occluded long bar during Frame 2. An increase in luminance for C results in diagonally downward motion across that
surface, again consistent with dynamic grouping being determined by the pre-perturbation (Frame 1) compositional structure (Movie 6).
H.S. Hock, D.F. Nichols / Vision Research 59 (2012) 45–63 59groupings, the perception of bidirectional dynamic grouping mo-
tion within the changing surface becomes more frequent, provid-
ing evidence that all the surfaces are grouped together, perhaps
to form a larger subunit within the pre-perturbation compositional
structure.
In Experiments 2–4, perturbations in afﬁnity transiently
strengthened or transiently weakened the grouping of surfaces,
but did not qualitatively change the object’s compositional struc-
ture. It might be argued, therefore, that dynamic grouping motion
is diagnostic of post- rather than pre-perturbation compositional
structure. That this is not the case is illustrated by the stimulus
in Fig. 10. For this stimulus, either surfaces A and C can be grouped
to form a long bar that is partially occluded by surface B, or sur-
faces B and C can be grouped to form a rotated ‘T’.
When the partially occluded long bar is perceived during Frame
1, a decrease in C’s luminance decreases its luminance similarity
with A, resulting in diagonally downward motion across C, toward
its hidden boundary with A (Fig. 10a and Movie 5).6 If it were the
post-perturbation compositional structure (the rotated ‘T’ formed
in Frame 2) that determined the direction of dynamic grouping mo-
tion, the motion would have been diagonally upward from the B/C
boundary because the luminance similarity of B and C increases dur-
ing Frame 2.
When the rotated ‘T’ is perceived during Frame 1, an increase in
C’s luminance decreases its luminance similarity with B, again
resulting in diagonally downward motion across C, toward B
(Fig. 10b and Movie 6). If it were the post-perturbation composi-
tional structure (the partially occluded long bar) that determined
the direction of dynamic grouping motion, the motion would have
been diagonally upward because the luminance similarity of C and
A increases during Frame 2. In both cases, the pre-perturbation
compositional structure established during Frame 1 determines
the direction of dynamic grouping motion resulting from the
Frame 2 perturbation of surface afﬁnity.
7.2. Coupling perceptual grouping with the perception of motion
As indicated in Section 1.2, previous studies have provided evi-
dence that perceptual grouping can affect motion processing. For6 The stimulus in Fig. 10 and the accompanying movies (Movies 5 and 6) are
diagonally oriented to minimize the effect of a general bias to perceive rightward
motion. The same is done for the stimulus in Fig. 12 (Movie 8) and Fig. 13 (Movie 9).example, Kramer and Yantis (1997) showed that co-linearity based
grouping can determine whether element or group motion is per-
ceived for a Ternus stimulus, and Martinovic et al. (2009) showed
that short wavelength stimulus information (blue), which is rela-
tively invisible to motion detectors, can nonetheless improve mo-
tion detection through the grouping of moving elements with the
same blue color.
In contrast, the current study provides evidence that motion
signals can be created by grouping processes (i.e., dynamic group-
ing) and those processes provide input to directionally selective
motion detectors. This was shown in Experiment 2 (Section 3) by
evidence that dynamic grouping motion can be perceived in the
absence of counterchanging edge/surface luminance contrast, that
it can break bidirectional motion symmetry due to edge/surface
counterchange, and ﬁnally, that it can enhance motion perception
when luminance–contrast determined edge/surface counter-
change and dynamic grouping specify the same direction of motion
in relation to the same surface.
A likely brain location for the neural coupling of grouping pro-
cesses and motion detection is the lateral occipital lobe (LOC). In an
fMRI study, Murray et al. (2002) found that activation in LOC in-
creases when visual elements are grouped into coherent objects,
regardless of whether the elements are moving dots (shape-
from-motion) or static line segments, and further, that there is
feedback from LOC to directionally selective motion detectors in
Area MT.
7.3. Does similarity in shape affect compositional structure?
It has been known since Wertheimer’s (1923) original studies
that similarity in the shape of non-adjacent surfaces can affect
compositional structure. In Fig. 11a, for example, surfaces with
the same shape are grouped together to form alternating rows of
square and circular surfaces. It might be argued on this basis that
the results of Experiments 2–4 entailed differences in pre-pertur-
bation shape similarity rather than good continuation. That is,
the preferential grouping of the horizontal bar with the square
may have been due to its shape being more similar to the shape
of the square than to the shape of the vertical bar.
This possibility was addressed with a stimulus for which asym-
metrical dynamic grouping motion signals, if present, would be
based solely on differences in shape similarity (Fig. 11b and c).
The pre-perturbation afﬁnity of surface B with surfaces A and C
(b)
(c)
Frame 2Frame 1
BA C A CB
Frame 2Frame 1
BA C A CB
(a)
Fig. 11. (a) Shape similarity affects the perceptual grouping for non-adjacent surfaces. This, however, is not necessarily the case for dynamic grouping motion induced for
adjacent surfaces. (b and c) Surface B, for which luminance changes, is ﬂanked on one side by surface C, with the identical shape, and on the other by a surface A, with a
different shape. (b) This difference in shape similarity would result in unidirectional dynamic grouping motion if shape similarity increased the afﬁnity of B and C. (c) Instead,
bidirectional diverging and converging motion is perceived when the luminance of B changes (Movie 7). There is no observable effect of shape similarity on dynamic grouping
motion.
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luminance similarity. If shape similarity contributes to pre-pertur-
bation afﬁnity states, it would favor grouping B with C, resulting in
the perception of unidirectional dynamic grouping motion within
B that is in relation to C (Fig. 11b). Instead, bidirectional converging
or diverging motions are perceived, as in Fig. 11c and Movie 7.
Thus, shape similarity does not necessarily have the same effect
on the compositional structure of objects with adjacent surfaces,
at least as shown by the dynamic grouping methodology. The gen-
erality of this shape invariance remains to be established.
7.4. Can non-Gestalt properties affect compositional structure?
The usefulness of dynamic grouping as a probe for the compo-
sitional structure of objects was validated in Experiments 2 and
3 (Sections 4 and 5) with good continuation, an intuitive, well-
established Gestalt grouping principle playing a central role. How-
ever, the method’s value is best realized for non-Gestalt grouping
variables that are not evident from intuition, as is the case for com-
mon luminance polarity (Experiment 4; Section 6). Another such
example is illustrated in Fig. 12. When the luminance changesfor surface B, good continuation favors dynamic grouping motion
in relation to surface C (Fig. 12a). This, however, is not what is per-
ceived. Instead, the perceived motion across surface B is in relation
to surface A (Fig. 12b and Movie 8). There is no obvious Gestalt
grouping variable that would account for this motion percept. Most
likely, the direction of the perceived dynamic grouping motion is
determined by contour information specifying the corners of ob-
jects (e.g., Bae, Kweon, & Yoo, 2002). More generally, the example
in Fig. 12 suggests that the extraction of stimulus properties more
typically associated with computer vision models may have at
least equal status with Gestalt grouping properties in determining
the compositional structure of objects. Future research will deter-
mine whether the presence of cues to three-dimensionality, like
corner-forming contours, will take precedence over Gestalt proper-
ties, like good continuation, in determining the two-dimensional
compositional structure of an object.
7.5. Belongingness and shadows
The concept of afﬁnity is in many respects equivalent to the
concept of belongingness in the research of Agostini and his col-
2emarF1emarF
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Fig. 12. Predictions based on the Gestalt laws of grouping do not always determine the direction of dynamic grouping motion. (a) Good continuation would be expected to
favor motion within the changing surface in relation to the white parallelogram above it and to its left (B + C). (b) However, the perceived motion is in relation to the adjacent
white square below and to its left (A + B), perhaps because the joining of the two surfaces forms a corner (Movie 8).
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belongingness has been primarily concerned with its effect on
the perception of lightness contrast. We prefer the term ‘afﬁnity’
because like Ullman (1978, 1979), we are concerned with the per-
ception of motion. However, a potential point of intersection con-
cerns the perception of shadows. Soranzo and Agostini (2006) have
shown that the belongingness of surfaces affects lightness con-
stancy for a shadow lying alongside an object. Although a shadow
is a relatively well-deﬁned surface that belongs with the object
casting it, the shadow obviously is not part of the object. The dy-
namic grouping methodology will be used to explore the surface-
grouping relationship between objects and their shadows.7.6. Three-dimensional primitives, grouping, and object recognition
The dynamic grouping methodology described thus far is con-
cerned with the grouping of surfaces in establishing the composi-
tional structure of an object. The potential role of surface grouping
for object recognition has not yet been addressed. For the most part,
theories of object recognition are based on the detection of three-
dimensional primitives (Biederman, 1987; Marr & Nishihara, 1978;
Pentland, 1987). In Biederman’s (1987) recognition-by-compo-
nents theory, for example, objects are recognized through their
decomposition into a vocabulary of three-dimensional geometric
shapes, which are called geons. The activation of ‘geon units’ in
memory by two-dimensional edge and surface information in theretinal image is required for the recognition of the object compris-
ing the geons.
It is conceivable that geon activation depends on prior grouping
processes that establish an object’s compositional structure, as
determined by surface-grouping variables and by image properties
required for the parsing of multi-object scenes (all three-dimen-
sional primitives are, in effect, small objects). Accordingly, a geon
would be activated only if the surfaces speciﬁc to it are grouped to-
gether beforehand. (The example in Section 7.3 suggests that the
two-dimensional shapes of the geons’ surfaces would not affect
this prior grouping.) The potential effectiveness of dynamic group-
ing probes for determining the surface groupings necessary for the
activation of geons (or other primitives) is demonstrated for one of
Biederman’s (1987) examples, a lamp (Fig. 13). The surfaces of
interest for the lamp are: A (its black cylindrical stem), B (the
lampshade’s light front surface), and C (the black ellipse represent-
ing the lampshade’s partially visible inside-back surface). Changing
B’s luminance results in dynamic grouping motion within it in
characteristic directions for the grouping of surfaces B and C; i.e.,
the motion is away from C when its luminance similarity with B in-
creases and toward C when its luminance similarity with C de-
creases (Movie 9). The compositional structure determined by
dynamic grouping probes, the grouping of the front and inside-
back surfaces of the lampshade, is consistent with a truncated
cone, as per geon theory. However, it remains to be determined
whether the prior grouping of the surfaces that specify a truncated
cone is necessary for its activation. The requisite grouping and
Frame 2Frame 1
A A
C C
B B
Fig. 13. Dynamic grouping motion for a picture of a lamp (from Biederman (1987))
is in directions consistent with the grouping of surfaces B and C to form the geon for
a truncated cone, the lampshade (Movie 9).
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afﬁnity of the front and back surfaces of the lampshade, and T-
junctions where the lampshade meets the stem of the lamp reduce
the afﬁnity of surfaces A and B due to their connectivity, segregat-
ing the geon unit for the truncated cone (BC) from the geon unit for
the stem (A).
Future research will use dynamic grouping probes to determine
whether embedding objects like Biederman’s lamp in a multi-ob-
ject context can reduce their recognition when the context pro-
motes competing two-dimensional compositional structures. This
would be consistent with a theory of object recognition in which
two-dimensional surface grouping precedes the activation of
three-dimensional object primitives, with the latter serving as
the basis for the recognition of the object. Issues associated with
viewpoint invariance (e.g., Tarr et al., 1998) might then be ad-
dressed by showing that at least initially, grouping processes place
their strongest weight on viewpoint invariant surface-grouping
variables, like good continuation and connectivity, while processes
that follow establish the actual viewpoint for the object (Lowe,
1987). Irrespective of viewpoint, a processing sequence in which
surface grouping precedes comparison with primitives in memory
would reduce the complexity of object recognition (Feldman,
1999; Jacobs, 1996). However, the ultimate test for dynamic group-
ing, or any method for assessing the compositional structure of
multi-surface objects, is the determination that compositional
structure is determinative for object recognition.
7.7. Multi-object scenes
In natural, everyday perception, objects rarely appear in isola-
tion. They are usually embedded in scenes with other textured ob-
jects, with textured foregrounds, and sometimes, with untextured
backgrounds (e.g., sky). One object is often interposed in front of
another. Further research will extend the dynamic grouping meth-
odology to such multi-object scenes.
Oliva and Torralba (2001) have argued that the classiﬁcation of
a scene (e.g., as a forest, highway, or city-center) is unlikely to re-
quire prior parsing that individuates the objects composing the
scene. They have shown that the detection of such global features
as naturalness, openness, roughness, expansion and ruggedness
can sufﬁce for scene classiﬁcation, and can provide information rel-
evant to the segmentation or individuation of objects in the scene,
including their location and size (Torralba & Sinha, 2001). Beyond
the individuation of objects, prior scene classiﬁcation may play a
more limited role (Henderson & Hollingworth, 1999). Grouping
processes could then establish the compositional structure of the
individuated objects without further inﬂuence from the scene in
which they are embedded, although the contribution of prior scene
knowledge to the recognition of the objects cannot be ruled out.Because scene processing takes place over different spatial
scales, changes in attentional spread are likely to be important
(Castiello & Umilta, 1990; Goto, Toriu, & Tanahashi, 2001; Hock,
Balz, & Smollon, 1998; LaBerge et al., 1991; Poggel et al., 2006). Re-
duced spatial resolution when attention is spread over a large area
(Balz & Hock, 1997) would be consistent with the extraction of the
global surface properties for scene classiﬁcation (Oliva & Torralba,
2001), even for low resolution images (Torralba, Fergus, & Free-
man, 2008). Decreasing the spread of attention would increase res-
olution, allowing for the extraction of edges at the boundaries of
adjacent surfaces, information that is necessary for individuating
the scene’s constituent objects. Finally, the compositional structure
of individual objects would be determined when attention is more
narrowly focused, with both boundary and surface information
contributing to the determination of the object’s compositional
structure.Acknowledgment
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